The amino group in the nucleic acid bases frequently interacts with other bases or with other molecular systems. Thus any nonplanarity of the amino group may affect the molecular recognition of nucleic acids. Ab initio Hartree-Fock ͑HF͒ and second-order Møller-Plesset perturbation ͑MP2͒ levels of theory have been used to obtain the equilibrium geometries of the C l and C s structures for five common nucleic acid bases. The energy barriers between the C l and C s structures have also been predicted. A series of correlation consistent basis sets up to cc-pCVQZ and aug-cc-pVQZ has been used to systematically study the dependence of the amino group nonplanarity. The equilibrium geometries of the nucleic acid bases with an amino group, including adenine, guanine, and cytosine, are examined carefully. At the MP2 level of theory, larger basis sets decrease the extent of nonplanarity of the amino group, but the decrease slows down when the QZ basis sets are used, demonstrating the intrinsic property of nonplanarity for guanine. For adenine and cytosine the situation is less clear; as the HF limit is approached, these two structures become planar. Addition of core correlation effects or diffuse functions further decreases the degree of nucleic acid base nonplanarity, in comparison to the original cc-pVXZ ͑X = D, T, and Q͒ basis sets. The aug-cc-pVXZ basis shows smaller degrees of nonplanarity than the cc-pCVXZ sets. The aug-cc-pVXZ basis is less size dependent than the cc-pVXZ and cc-pCVXZ sets in the prediction of the amino-group-related bond angles and dihedral angles and energy barriers for adenine, guanine, and cytosine. The cc-pCVQZ and aug-cc-pVQZ MP2 results may be regarded as benchmark predictions for the five common bases. The predicted classical barriers to planarization are 0.02 ͑adenine͒, 0.74 ͑guanine͒, and 0.03͑cytosine͒ kcal mol −1 .
I. INTRODUCTION
The five nucleic acid ͑NA͒ bases adenine, guanine, cytosine, thymine ͑in DNA͒, and uracil ͑in RNA͒ are common components of nucleotides, the building blocks of the NA strands. These five NA bases can form hydrogen bonds with each other to yield base pairs in both double-stranded and single-stranded NAs, or interact with other molecules to form complexes. The nonplanarity of the bases will influence the structure and consequently the molecular recognition of NAs.
The isolated NA bases had been expected to be planar for many years. Accordingly, the empirical force fields used in many theoretical NA conformational and dynamics analyses assume planar geometries for the NA bases. However, ab initio quantum-mechanical studies have consistently predicted nonplanar amino groups for the NA bases.
1,2 Direct experimental results for the NA base amino moieties are not available, but indirect experimental evidence does exist.
The first indirect experimental evidence was connected with the excellent agreement between the theoretical 3 anharmonic and experimental [4] [5] [6] inversion-torsion vibrational frequencies for the fundamental, overtone, and combination modes of the model system aniline. Accurate gas-phase inversion splitting data for aniline were reported by Kydd and Krueger 4,5 and Larsen et al., 6 and the related ab initio
Hartree-Fock ͑HF͒, second-order Møller-Plesset perturbation ͑MP2͒, and single-point coupled-cluster including single and double excitations and perturbatively applied triple excitations ͓CCSD͑T͔͒ studies on aniline were performed by Bludsky et al. 3 This agreement provided evidence concerning the nature of the predicted aniline potential energy surface, consistent with a strong nonplanarity of the amino group. [7] [8] [9] The second piece of indirect experimental evidence came from an unexpected blueshift of the amino N-H stretch vibrational frequency in the gas-phase IR spectra of the guanine dimer ͑Nir et al. 10 in 2002͒. This blueshift was explained by Hobza and Spirko 11 in 2003 based on the contraction of the amino N-H bonds from the planarization of the amino group in the guanine dimer. The increase of the guanine amino N-H stretch frequency occurring with guanine dimerization represented the first spectroscopic manifestation of the fact that the amino group in a NA base is nonplanar. Indirect experimental evidence was associated with the vibrational transition moment angles ͑VTMAs͒ of adenine reported in 2002 by Dong and Miller. 12 Their VTMAs were extremely sensitive to the molecular structure, and the IR spectroscopic results were only reproduced by methods that assumed a nonplanar amino group for adenine.
In addition, crystallographic and database studies [13] [14] [15] [16] have revealed that the amino group hydrogen atoms can form very efficient out-of-plane hydrogen bonds, and the amino group nitrogen atom can serve as a weak H-bond acceptor. The mismatched G͑anti͒ · A͑anti͒ base pair 17 is an example exhibiting the strong out-of-plane H-bond character related to the nonplanar guanine amino group. Thus, the base amino group is often activated to adopt a partial sp 3 geometry, exhibit bifurcated hydrogen bonds, 18, 19 and close amino group contacts 13, 20, 21 when another group interacts with the amino group.
In the early 1990s, theoretical studies 13, [22] [23] [24] [25] at the HF level of theory with polarized basis sets provided the first respectable suggestion that a weak nonplanarity of amino groups of bases could occur. In 1994, Sponer and Hobza 26 applied both the HF and MP2 methods to cytosine. They concluded that the inclusion of electron correlation significantly increases the nonplanarity of the cytosine amino group compared to the HF level of theory. In the same year, Sponer and Hobza 27 published their correlated MP2 study of the DNA bases. Their results showed that the degree of nonplanarity of guanine is greater than that of cytosine and adenine, and the amino group of guanine is substantially rotated due to the repulsion between the H 1 hydrogen and the amino group hydrogen. Later ab initio studies [28] [29] [30] [31] [32] confirmed the original results. The 1996 reference values of NA base amino group nonplanarity were those of Sponer et al. 28 at the 6-311G͑2df , p͒ MP2 level of theory. A new set of reference was presented by Ryjacek et al. 30 in 2003 using the RIMP2 method.
In addition to HF and MP2 methods, density-functional theory ͑DFT͒ and single-point coupled-cluster computations have been used for the study of the nonplanarity of NA bases. However, the DFT approach showed a rather wide range of results for the NA base amino group nonplanarities. 20, 33 In 2004, Preuss et al. 34 applied the PW91 DFT method using ultrasoft pseudopotentials to this problem. Very different from the ab initio results, the amino dihedral angles were predicted to be zero for adenine, 11.2°for cytosine, and 2.3°for guanine.
In this paper, a systematic exploration of base amino group nonplanarity with respect to different basis sets has been performed by using a series of correlation consistent basis sets in conjunction with the MP2 method. The ccpCVQZ and aug-cc-pVQZ benchmark results for amino group nonplanarities have been obtained for comparison with previous theoretical research.
II. THEORETICAL METHODS
The ab initio HF and MP2 methods were used to investigate the C l and constrained C s structures for the five common NA bases, namely, adenine, guanine, cytosine, thymine, and uracil. The GAUSSIAN94 ͑Ref. 35͒ and NWCHEM ͑Ref. 36͒ software packages were used in this study. Equilibrium geometries have been optimized with various basis sets for the C l and constrained C s structures, and the energy barriers between the C l and constrained C s structures were predicted for the five common NA bases. Harmonic vibrational frequencies have been obtained at stationary points.
A series of correlation consistent polarized valence basis sets were used for the five NA bases. This approach was adopted to systematically investigate the dependence of the base amino group nonplanarity and energy barriers on the different basis sets. 37, 39 The cc-pCVXZ ͑X = D, T, and Q͒ basis extended the cc-pVXZ set by including extra functions designed for core-core and core-valence correlations. When using the cc-pCVXZ basis sets, no C, N, and O core orbitals were frozen at the MP2 level of theory, and the cc-pVXZ basis sets were adopted for H atoms. The aug-cc-pVXZ basis was constructed by augmenting the cc-pVXZ set with diffuse functions. The largest computations involve the guanine molecule with the aug-cc-pVQZ basis set. There are 1110 contracted Gaussian functions in the HF and MP2 optimizations. In addition, there are 1797 contracted Gaussian functions in the aug-cc-pV5Z HF single-point energy predictions.
III. RESULTS AND DISCUSSION
Qualitatively, the atoms of the molecular rings for adenine, guanine, and cytosine provide ten, ten, and six electrons, respectively, satisfying the 4n +2 ͑n = 2 for adenine and guanine, n = 1 for cytosine͒ Hückel rule of aromaticity. The molecular structures and the numbering of the amino-grouprelated atoms for the adenine, guanine, and cytosine bases are illustrated in Fig. 1 . The amino group nitrogen atoms of FIG. 1. Molecular structure and atom numbering for adenine, guanine, and cytosine.
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adenine, guanine, and cytosine do not participate in the system, leading the amino group hydrogens out of the plane of the molecular ring. Having no amino group, thymine and uracil are expected to be planar if the methyl group of thymine is not considered.
A. Nonplanarity of adenine, guanine, and cytosine
Bond distances
The optimized C l and constrained C s geometries of adenine, guanine, and cytosine are presented in Figs. 2-4, respectively, using various basis sets with the MP2 method. The DZ basis sets ͑cc-pVDZ, cc-pCVDZ, and aug-cc-pVDZ͒ significantly overestimate the bond distances for the C l and constrained C s structures of these three NA bases compared to other basis sets. The use of larger basis sets generally shortens the bond distances for both the C l and C s structures.
Compared to the cc-pVXZ basis sets, the cc-pCVXZ basis ͑adding core correlation͒ usually shortens the bond lengths, while the aug-cc-pVXZ basis ͑adding diffuse functions͒ only slightly changes the bond lengths for all structures. With the cc-pVQZ MP2 method, the optimized C l structure bond distances of guanine are consistent with the theoretical results of Pulay et al. 31 The optimized amino-group-related bond distances ͑C 6 -N 6 , N 6 -H 6a , and N 6 -H 6b bonds for adenine; C 2 -N 2 , N 2 -H 2a , and N 2 -H 2b bonds for guanine; C 4 -N 4 , N 4 -H 4a , and N 4 -H 4b bonds for cytosine͒ indicate substantial changes between the C l and C s structures compared to the other structural features of these three bases. All basis sets predict longer amino-group-related bond distances for the C l structure than for the C s structure. The difference in amino group bond lengths between the C l and C s structures tends to decrease with the increased size of the basis sets.
With the aug-cc-pVQZ MP2 method, the equilibrium bond lengths for the amino group of adenine are predicted to be r e ͑C 6 N 6 ͒ = 1.353 Å, r e ͑N 6 H 6a ͒ = 1.004 Å, r e ͑N 6 H 6b ͒ = 1.004 Å for the C l structure, and r e ͑C 6 N 6 ͒ = 1.348 Å, r e ͑N 6 H 6a ͒ = 1.002 Å, r e ͑N 6 H 6b ͒= 1.003 Å for the constrained C s structure ͑Fig. 2͒. For guanine, the amino group bond distances are computed to be r e ͑C 2 N 2 ͒ = 1.376 Å, r e ͑N 2 H 2a ͒ FIG. 2. Optimized bond distances for nonplanar and planar structures of adenine ͓͑a͒ C l structure; ͑b͒ C s structure͔ using the MP2 method with various basis sets.
FIG. 3.
Optimized bond distances for nonplanar and planar structures of guanine ͓͑a͒ C l structure; ͑b͒ C s structure͔ using the MP2 method with various basis sets.
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Planarization barriers for the amino group J. Chem. Phys. 124, 044303 ͑2006͒ = 1.007 Å, r e ͑N 2 H 2b ͒ = 1.006 Å for the C l structure, and r e ͑C 2 N 2 ͒ = 1. It turns out that guanine has larger differences in amino group bond lengths between the C l and C s structures ͑0.018 Å for the C 2 -N 2 bond, 0.005 Å for the N 2 -H 2a bond, and 0.006 Å for the N 2 -H 2b bond͒ than the adenine and cytosine bases ͑0.005 Å for the C-N bonds, 0.001 ϳ 0.002 Å for the N-H bonds͒. This demonstrates that the optimized guanine amino group geometry possesses the most significant deviation from the constrained coplanar structure. The C-N single bond length for methylamine ͑CH 3 NH 2 ͒ is experimentally known to be r 0 = 1.471͑3͒ Å ͑Ref. 40͒ and r g = 1.472͑3͒ Å. 41 These C-N bond distances are much longer than the amino group C-N bonds of adenine, guanine, and cytosine, primarily due to the partial sp 3 hybridization of amino group nitrogen in bases. The partial sp 3 hybridization of the amino nitrogen atom leads to the deviation of the amino group hydrogen atoms from the base plane in one direction and the slightly shifted amino group nitrogen atom in the opposite direction. The experimentally deduced N-H equilibrium bond distance of ammonia ͑NH 3 ͒ is r e = 1.011͑3͒ Å ͑Ref. 42͒ which is less than 0.01 Å longer than the amino group N-H bond of adenine, guanine, and cytosine.
Bond angles and dihedral angles
Tables I-III summarize the optimized bond angles around the amino group nitrogen atoms and the aminogroup-related dihedral angles for the nonplanar C l structures of adenine, guanine, and cytosine, respectively. The three amino-group-related valence bond angles are defined as the C 6 -N 6 -H 6a , C 6 -N 6 -H 6b , and H 6a -N 6 -H 6b angles for adenine; the C 2 -N 2 -H 2a , C 2 -N 2 -H 2b , and H 2a -N 2 -H 2b angles for guanine; and the C 4 -N 4 -H 4a , C 4 -N 4 -H 4b , and H 4a -N 4 -H 4b angles for cytosine. The summation of these TABLE I. Adenine theoretical predictions of ͑a͒ the total energies in hartrees, ͑b͒ the three angles around the amino group nitrogen atom, ͑c͒ the sum of the three angles, and ͑d͒ the amino-group-related dihedral angles ͑only absolute values are reported͒. All angles are reported in degrees. three angles for each basis set is also listed in the tables. The larger the predicted deviation of this summation from 360°, the more pronounced is the nonplanarity of the NA base amino group. The amino-group-related dihedral angles are the N 1 -C 6 -N 6 -H 6b and C 5 -C 6 -N 6 -H 6a angles for adenine; the N 1 -C 2 -N 2 -H 2b and N 3 -C 2 -N 2 -H 2a angles for guanine; and the N 3 -C 4 -N 4 -H 4a and C 5 -C 4 -N 4 -H 4b angles for cytosine ͑see Fig. 1 for atom numbering͒. At the MP2 level of theory, the extension of the basis-set size usually widens the bond angles, and consequently increases the sum of valence bond angles, while decreasing the dihedral angles, which means diminishing the nonplanarity of the amino group. However, the decrease in the degree of nonplanarity becomes less pronounced when the larger QZ basis sets are used, demonstrating the intrinsic nonplanarity of the NA base amino groups. Addition of core-core and core-valence correlations ͑cc-pCVXZ basis sets͒ or diffuse functions ͑aug-cc-pVXZ basis sets͒ broadens the valence bond angles and decreases the dihedral angles compared to the original cc-pVXZ basis sets. Furthermore, the aug-cc-pVXZ basis gives larger changes in the valence bond angles and dihedral angles with respect to the cc-pVXZ values than do the cc-pCVXZ sets, reflecting a lesser degree of the amino group nonplanarity with the aug-cc-pVXZ bases than with the cc-pCVXZ bases. Note that all basis sets for guanine lead to values of the dihedral angle N 1 -C 2 -N 2 -H 2b about three times as large as N 3 -C 2 -N 2 -H 2a due to the repulsion of the H 2b and H 1 ͑connected with N 1 ͒ atoms. In addition, the optimized C l bond angles and dihedral angles of guanine at the cc-pVQZ MP2 level of theory are consistent with the theoretical results of Pulay et al. 31 With the aug-cc-pVQZ MP2 method, the equilibrium bond angles are predicted to be e ͑C 6 ABLE II. Guanine theoretical predictions of ͑a͒ the total energies in hartrees, ͑b͒ the three angles around the amino group nitrogen atom, ͑c͒ the sum of the three angles, and ͑d͒ the amino-group-related dihedral angles ͑only absolute values are reported͒. All angles are reported in degrees. 28 e ͑N 1 C 6 N 6 H 6b ͒ = 14°and e ͑C 5 C 6 N 6 H 6a ͒ = 14°for adenine, e ͑N 1 C 2 N 2 H 2b ͒ = 38°and e ͑N 3 C 2 N 2 H 2a ͒ = 13°for guanine, e ͑N 3 C 4 N 4 H 4a ͒ = 11°and e ͑C 5 C 4 N 4 H 4b ͒ = 17°for cytosine with the augTZVPP MP2 method 30 ͔, while the aug-cc-pVQZ predictions are slightly different from the previous theoretical research due to the addition of diffuse functions to the original cc-pVQZ basis set. Note that the aug-cc-pVXZ basis provides less variation for the valence bond angles and dihedral angles from DZ to QZ than the cc-pVXZ and cc-pCVXZ sets.
Level of theory

The aug-cc-pVQZ MP2 theoretical predictions show that adenine and cytosine have basically similar values for the sum of the three amino group valence bond angles and the amino-group-related dihedral angles, indicating the similar extent of nonplanarity for these two bases. Guanine possesses a value of the sum of the three amino group valence bond angles 13°smaller and a dihedral angle N 1 C 2 N 2 H 2b significantly larger than those of adenine and cytosine, demonstrating for guanine the strongest nonplanarity among the five common NA bases.
Energetics
The MP2 total energies for the nonplanar C l structures of adenine, guanine, and cytosine are listed in Tables I-III . The MP2 planarization energies ͑i.e., the energy barriers for the nonplanar C l structures to reach the constrained planar C s structures͒ of the three bases with various basis sets are summarized in Table IV and Fig. 5 . Also included in Table IV are the HF planarization energies. All the energy barriers are evaluated at the optimized HF or MP2 geometries. The energy barriers decrease as the size of the basis set increases, confirming the lessening nonplanarity of the amino groups for adenine, guanine, and cytosine. This reduction in the degree of nonplanarity of the amino group slows down when the QZ basis sets are used. Without electron correlation, the HF method predicts planar structures for adenine and cytosine due to the zero energy barriers with the large aug-ccpVQZ basis set. At the optimized aug-cc-pVQZ HF geometries, the aug-cc-pV5Z single-point HF energy barriers show negligible changes relative to the barriers with the smaller aug-cc-pVQZ basis. The MP2 energy barriers are much higher than the HF predictions, implying the significant effect of electron correlation on the nonplanarity of NA base amino groups. At the MP2 level of theory, inclusion of core correlation effects ͑cc-pCVXZ basis sets͒ or diffuse functions ͑aug-cc-pVXZ basis sets͒ to the cc-pVXZ basis sets slightly decreases the energy barriers. Additionally, the aug-cc-pVXZ basis gives smaller energy barrier compared to the cc-pCVXZ basis, indicating the lower extent of the nonplanarity. Again, the aug-cc-pVXZ basis provides less variation for the energy barrier from DZ to QZ than the cc-pVXZ and cc-pCVXZ sets.
With the aug-cc-pVQZ MP2 method, the planarization energy of adenine is predicted to be 0.05 kcal mol −1 , which is smaller than the previous theoretical values of 0. 13 30 ͒. The 0.83 kcal mol −1 energy barrier for guanine is seen to be much higher than those for adenine and cytosine, exhibiting the strongest degree of nonplanarity of guanine among five common NA bases.
We obtain MP2 basis-set limit barriers by assuming the additivity of the effects of core correlation and augmentation of the basis set, relative to the cc-pVQZ MP2 predictions. The effects of core correlation lower the barriers by 0.030 ͑adenine͒, 0.090 ͑guanine͒, and 0.028 ͑cytosine͒ kcal mol −1 . Subtracting these increments from the aug-cc-pVQZ MP2 barriers yields our final results, 0.020 ͑adenine͒, 0.742 ͑gua-nine͒, and 0.032 ͑cytosine͒ kcal mol −1 . The harmonic vibrational frequencies for the inversion mode of the NA base amino groups are estimated to be larger than 300 cm −1 ͑0.86 kcal mol −1 ͒ for adenine and cytosine, and larger than 600 cm −1 ͑1.72 kcal mol −1 ͒ for guanine at the cc-pVTZ MP2 level of theory. The zero-point vibrational energies associated with these normal modes ͑Ͼ0.43 kcal mol −1 for adenine and cytosine and Ͼ0.86 kcal mol −1 for guanine͒ are higher than the MP2 basis-set limits of the planarization energy barrier ͑0.02, 0.03, and 0.74 kcal mol −1 for adenine, cytosine, and guanine, respectively͒. This helps explain why the nonplanar structures of NA base amino groups have been very difficult to directly obtain experimentally.
Additionally, the nonplanarity of the amino group for adenine, guanine, and cytosine is proven by the existence of a single imaginary harmonic vibrational frequency ͑283i, 448i, and 275i cm −1 at the cc-pVTZ MP2 level of theory for adenine, guanine, and cytosine, respectively͒ corresponding to the amino group out-of-plane bending mode of the constrained C s structures. Incontestably, the imaginary harmonic vibrational frequency of guanine is significantly larger than that of adenine and cytosine. Again, it is seen that the amino group of guanine C s structure has higher tendency toward nonplanarity than adenine and cytosine.
B. Planarity of thymine and uracil
Without an amino group, thymine and uracil are predicted to be planar if the methyl group hydrogen atoms of thymine are not considered. The optimized C s geometries of thymine and uracil using the MP2 method with various basis sets are shown in Figs. 6 and 7 , respectively. The DZ basis sets result in significantly longer bond distances compared to the other basis sets. The larger basis sets generally decrease the predicted bond lengths. Addition of core correction ͑cc-pCVXZ basis sets͒ in the cc-pVXZ basis sets shortens the bond distances, while inclusion of diffuse functions ͑aug-cc-pVXZ basis sets͒ only slightly changes the bond lengths for all structures. Again, the aug-cc-pVQZ predictions may be used as benchmark results for thymine and uracil.
In agreement with previous theoretical results, the planarization energies of thymine and uracil are predicted to be zero with all basis sets, indicating the planarity of the thymine and uracil bases, except for the methyl group of thymine. 
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No imaginary vibrational frequency exists for the C s structures of thymine and uracil, further evidence that thymine and uracil are planar.
IV. CONCLUDING REMARKS
Second-order perturbation theory with various large basis sets shows that three out of the five common NA bases, namely, adenine, guanine, and cytosine, are intrinsically nonplanar due to the existence of pyramidal amino groups. Guanine is much more nonplanar than adenine and cytosine. Indeed, the planarization barriers for adenine and cytosine are very small, 0.05 and 0.06 kcal mol −1 with the aug-cc-pVQZ MP2 method, respectively. Larger basis sets decrease the degree of nonplanarity of the amino group, but the decrease attenuates when the QZ basis sets are used. Addition of corecore and core-valence correlations ͑cc-pCVXZ basis sets͒ or diffuse functions ͑aug-cc-pVXZ basis sets͒ diminishes the NA base nonplanarity compared to the cc-pVXZ basis sets. Moreover, the aug-cc-pVXZ basis sets give smaller degrees of NA base nonplanarity compared to the cc-pCVXZ basis sets. The aug-cc-pVXZ basis provides less variation for the amino-group-related bond angles and dihedral angles and planarization energies from DZ to QZ than do the cc-pVXZ and cc-pCVXZ sets. The final estimates of the MP2 planarization barriers are 0.020 ͑adenine͒, 0.742 ͑guanine͒, and 0.032 ͑cytosine͒ kcal mol −1 .
